Purpose This study aims to analyze the relationship between trinucleotide repeat length and reproductive outcome in a large cohort of DM1 patients undergoing ICSI and PGD. Methods Prospective cohort study. The effect of trinucleotide repeat length on reproductive outcome per patient was analyzed using bivariate analysis (T-test) and multivariate analysis using Kaplan-Meier and Cox regression analysis. Results Between 1995 and 2005, 205 cycles of ICSI and PGD were carried out for DM1 in 78 couples. The number of trinucleotide repeats does not have an influence on reproductive outcome when adjusted for age, BMI, basal FSH values, parity, infertility status and male or female affected. Cox regression analysis indicates that cumulative live birth rate is not influenced by the number of trinucleotide repeats. The only factor with a significant effect is age (p<0.05). Conclusion There is no evidence of an effect of trinucleotide repeat length on reproductive outcome in patients undergoing ICSI and PGD.
Introduction
Myotonic dystrophy type 1 (syn: dystrophia myotonica type 1; DM1; Steinert's disease; OMIM #160900) is an autosomal dominant disorder, with an incidence of 1/8000 worldwide. The genetic defect is an unstable expansion of the CTG trinucleotide repeat at the 3′ end of the dystrophia myotonica proteine kinase (DMPK) gene. The gene is located on chromosome 19q13. 3 and was cloned in 1992 [1, 2] . Expansion of an unstable CTG trinucleotide repeat is frequently observed after parent-to-child transmission in DM1 patients. This explains anticipation, that is an increase in severity of the disease in successive generations and the potential occurrence of the severe, often lethal, congenital form (almost exclusively) in the offspring of affected women [3] .
DM1 patients are progressively affected to various degrees by myotonic dysfunction, cardiorespiratory and ophtalmological (cataract) problems [4, 5] . The clinical severity and prognosis of DM1 is highly variable, and is positively correlated with the size of the CTG tract in DM1 alleles [6] (Table 1) . Male carriers of DM1 have been shown to be at increased risk of fertility problems, with reduced sperm quality as a result of gonadal atrophy [7] . Reproductive outcome in affected females is less well documented [8] .
While the size of CTG repeat expansion is largely related to clinical symptomatology, it is unclear whether this is also true in relation to the fecundity of the female DM1 patient. This study aims to analyse the effect of the size of CTG repeat expansion present on clinical reproductive outcome in female DM1 patients undergoing intracytoplasmic sperm injection (ICSI) and preimplantation genetic diagnosis (PGD), both in terms of success rates per treatment cycle as well as in terms of cumulative reproductive outcome.
Materials and methods
The study design was a prospective cohort study at a tertiary referral centre for ICSI and PGD.
Patients 78 consecutive couples of which 54 with affected females and 24 with affected males at risk of transmitting DM1 to their offspring were treated between 1995 and 2005. Baseline characteristics such as age, body mass index (BMI), fertility status, parity as well as reproductive outcome data were registered by a dedicated team of research nurses.
DNA fragment sizing
Direct analysis of the (CTG)n expansions with PCR or Southern Blot techniques, allows the accurate detection of all mutations at the DM1 locus with a high sensitivity and specificity. Southern blot analysis using a chemiluminescently labelled probe system (Digoxigenin labelled probe system, Roche Diagnostics) was performed on 10 μg of total genomic DNA extracted from peripheral blood leukocytes of the patients and digested with EcoRI or SacI. The probe was PCR synthesized using the following forward primer 50-TAGGTGGGGACAGAC30 and reverse primer 50-GGGATCACAGACCATTTCTTTCT-30 (NT_011109.15/Hs19_11266; positions 18541243-18541262 and 18541678-18541656). The CAG repeat size was measured in comparison to a molecular marker.
To determine the exact size of healthy or lower range expanded DM1 alleles, labelled PCR products were analysed by capillary electrophoresis on an ABI 3130 Genetic Analyser (Applied Biosystems, Foster City, USA).
Genetic testing with a view to performing PGD
The first single cell assay developed for PGD DM1 allowed the selection of "unaffected" embryos based on the presence in the biopsied cell of the "normal CTG repeat" of the affected partner and on the "normal CTG repeat" of the unaffected partner [9, 10] . Initially only fully informative couples i.e. when the healthy allele of the affected parent differs from the two alleles of the healthy parent were eligible for PGD. Later on, with the development of the TP-PCR based test, half informative couples (i.e. the affected parent and healthy parent share one healthy allele, the second allele of the healthy parent is different) and non informative couples (the healthy allele of the affected parent and the two alleles of the unaffected parent are the same) could be helped as well [11, 12] . It was therefore necessary to analyse the CTG repeat size of the normal alleles in both partners prior to PGD.
Ovarian stimulation and oocyte retrieval
Controlled ovarian stimulation (COS) was carried out in an agonist protocol, using GnRH analogues for pituitary desensitisation (buserelin, Suprefact; Hoechst, Frankfurt, Germany), combined with human menopausal gonadotrophins (hMG) (Menopur, Ferring Pharmaceuticals A/S, Copenhagen, Denmark) or recombinant FSH (Puregon, Schering-Plough, Oss, The Netherlands) [13] , or an antagonist protocol using recombinant FSH combined with a GnRH antagonist (ganirelix, Orgalutran, ScheringPlough) [14] . The starting dose of gonadotrophins was determined according to the patient's age and/or previous response to ovarian stimulation (range 75-450 IU). Human chorionic gonadotrophin (hCG) (10000 IU, Pregnyl; NV Organon or Profasi, Serono, Geneva, Switzerland) was administered when at least three follicles of more than 17 mm mean diameter were seen at transvaginal ultrasound scan. Transvaginal ultrasound-guided oocyte collection was scheduled 36 h after hCG administration. Oocyte collection (OC) was carried out under premedication with pethidine 1 mg/kg IM and paracervical block with mepivacaine hydrochloride [13, 14] .
ICSI and embryo biopsy procedure
The details of the in vitro fertilization (IVF) and ICSI procedure have been described previously [15] . Regardless of the sperm quality, ICSI was the method of choice rather than classical IVF to prevent DNA contamination with sperm DNA in PCR-based PGD [16] .
Genetic diagnosis in blastomeres
The PCR procedures were performed as previously described [12] . Direct analysis of the CTG repeat size of the DM1 allele was used for fully informative couples. For semi-informative couples or not informative couples the Triplet-Primed PCR (TP-PCR) protocol was applied. A conclusive diagnosis of an unaffected embryo was assigned only if and when two blastomeres gave the same unaffected result for the disorder [10, 12] .
Embryo transfer procedure
If available one or more unaffected embryos were transferred into the uterus on day three to five post insemination. As in regular IVF cycles, the age of the patient, the rank of trial and embryo quality determined the number of embryos transferred. For Belgian patients, the number of embryos for transfer was restricted according to age and rules laid out by federal law from July 2003 onwards. Supernumerary unaffected embryos were cryopreserved subject to consent by the patient. Luteal phase supplementation consisted of intravaginal administration of 600 mg of natural micronized progesterone daily (Utrogestan, Besins, Brussels, Belgium).
Outcome measures
The embryological data and reproductive outcome (mean number of oocytes, mean number of embryos for biopsy, mean number of embryos transferred, clinical pregnancy rate (CPR), cumulative delivery rate) were assessed on a per patient basis.
A biochemical pregnancy was defined as two consecutive positive rising (>15 IU/ml) serum hCG levels. A clinical pregnancy was defined as a gestational sac seen at transvaginal ultrasound scan at least 5 weeks after embryo transfer. An ongoing pregnancy (OPR) was defined as a clinical pregnancy with a fetal heartbeat at ≥12 weeks [17] . In these cases, and without any exception, the couple was advised to undergo prenatal diagnosis in order to confirm the preimplantation diagnosis and to exclude a false negative diagnosis.
A miscarriage was defined as a pregnancy loss before 20 weeks of gestation. A stillbirth was an intra-uterine or intrapartum death of a child born at a gestation of ≥20 weeks or with a birthweight of ≥500 g. A premature delivery was defined as a delivery before 34 weeks' gestation. A preterm delivery was defined as a delivery at 34 weeks' gestation or later, and before 37 weeks' gestation [17] . The live birth delivery rate was defined as the number of live birth deliveries expressed per 100 initiated cycles, oocyte collection cycles (OCC) or embryo transfer (ET) cycles [18] . The reproductive outcome parameters in this study are reported per oocyte retrieval (OR) and per embryo transfer (ET). The real cumulative delivery rate is the observed number of deliveries born at a gestation of ≥20 weeks or with a birthweight of ≥500 g, over a maximum of 6 treatment cycles per patient. The expected cumulative delivery rate using Kaplan-Meier analysis takes into account drop out patients over a maximum of 6 treatment cycles, and calculates the cumulative delivery rate had they not discontinued the treatment [19, 20] .
Statistical analysis
The effect of the size of the unstable CTG trinucleotide repeat tract on each reproductive outcome measure (ie in turn, clinical pregnancy, ongoing pregnancy, and live birth delivery) was analyzed using bivariate (t tests; χ² tests) and multivariate (logistic regression) analyses simultaneously adjusted for age, body mass index (BMI), fertility status, parity and CTG trinucleotide repeat size. The effect of these variables including CTG trinucleotide repeat size on cumulative live birth rate was performed with KaplanMeier and Cox regression analysis. Cumulative delivery rates are expressed as cumulative percentage probabilities with 95% confidence intervals (95% CI). The maximum number of cycles per patient included was six. Transfers of 
Results

Patient characteristics
Between 1995 and 2005, 205 cycles of ICSI and PGD were carried out for DM1 in 78 couples. In 54 couples the female partner was affected (group A), versus 24 couples with the male partner affected (group B). The patient characteristics did not differ significantly between the two groups. The mean number of CTG repeats overall, taking into account the approximate measurement characteristic to the Southern blotting technique, was 410 (SD 390; range 1280 (min 50 -max 1330)) and did not differ between the female affected and the male affected group (Table 2) . Bivariate analysis did not reveal a significant difference in BMI, infertility status, male or female affected status or expanded CTG trinucleotide repeat size between the groups with a positive or negative clinical pregnancy, ongoing pregnancy and live birth delivery outcome per treatment cycle with oocyte retrieval (Table 3) . The ratio of patients with documented infertility was significantly lower in the group with a positive outcome. According to logistic regression analysis the size of the expanded CTG trinucleotide repeats does not have an influence on reproductive outcome per treatment cycle when adjusted by logistic regression analysis for age, BMI, parity, infertility status and male versus female affected status. Age as an independent factor has a significant influence on CPR (OR 0.83, 95%CI 0.71-0.97) and OPR (OR 0.83, 95%CI 0.71-0.97), as well as on LBDR (OR 0.84, 95%CI 0.72-0.98). Parity as an independent factor has a significant influence on LBDR per treatment cycle (OR 4.42, 95% CI 1.05-18.61) ( Table 4) .
The observed cumulative delivery rate (max 6 cycles) as analysed by Kaplan-Meier overall was 46%. The expected cumulative delivery rate was 72% (Fig. 1) . The real and expected cumulative delivery rate in group A was 41% and 81% respectively, compared to 58% and 72% respectively in group B. Cumulative live birth rate is not influenced by the number of trinucleotide repeats as analysed by Cox regression analysis, with simultaneous adjustments for age, multiparity, BMI, infertility status and male or female affected status (p=0.362).
The CPR, OPR and LBDR overall (group A + B) per OR and per ET are illustrated in Table 5 . The CPR, OPR and LBDR were not significantly different between group A and B. Forty-one deliveries led to the birth of 49 children overall (group A + B), 31 in group A and 18 in group B. The twin pregnancy rate was 19.5% overall, 19.2% in group A and 20.0% in group B. The mean gestational age overall (group A + B) was 38.0 weeks (SD 2.2) with a mean birth weight of 3029.4 g (SD 472.0). The mean gestational age at delivery for singletons and twins was 38.7 (SD 1.8) weeks and 36.5 (SD 2.3) weeks respectively. The mean birth weight for singletons and twins was 3293.9 g (SD 472.0) and 2483.8 g (SD 340.3) respectively. 
Discussion
The main finding of this study is that the size of the expanded CTG trinucleotide repeat fragment in DM1 affected females does not affect reproductive outcome per treatment cycle of ICSI and PGD, nor does it affect cumulative live birth delivery rate. The growing numbers of patients undergoing PGD make it increasingly important for accurate outcome data to be generated and assessed, in order to correctly counsel patients and their partner on the reproductive outcome prognosis, and guide them in their decision whether or not to proceed to PGD treatment. PGD patients often do not suffer with infertility (in this study 45.9% documented infertility) and could therefore also opt for spontaneous pregnancy. The results of this study suggest that regardless of the size of the expanded CTG repeat PGD treatment is justified in DM1 patients, as far as reproductive function is concerned and not taking into account the physical status of the patient that may well contraindicate reproductive treatment. The symptomatic condition of DM1 patients and the associated risk of developing cardiac and respiratory insufficiency are largely related to the genetic status, resulting in congenital and childhood types being at a much higher risk of severe morbidity and mortality [21, 22] . Our centre adheres to a policy of pre-treatment assessment of the cardiological and neurological status of all female DM1 patients, in order to anticipate any periconceptional and obstetrical risk, and advize against pregnancy if and when necessary. So far, none of the patients presenting at our clinic have been advized against treatment on the basis of the size of the expanded CTG repeat fragment or their symptomatic status.
Recognizing the limitations of the current study in terms of a potential by-pass effect of ovarian stimulation on the one hand, and in vitro fertilisation (IVF) by ICSI on the other, our regression analysis does not support the hypothesis of impaired fecundity relative to the size of the expanded CTG tracts in female DM1 patients. The pituitary-ovarian axis function and fertility in general in DM1 affected women has Fig. 1 Expected (∎) vs real (•) cumulative delivery rate (percentage) study group total (female + male affected Steinert patients) (n=78) There are no significant differences between any of these results commonly been accepted as normal, although oligomenorrhea, abortions and early menopause have been reported [23] . In contrast with this, Feyereisen and colleagues suggested in a recent small series of patients that ovarian response is lower than in controls based on an observed significant delay in day of hCG administration and a higher prevalence of poor quality embryos in the DM1 group [24] . Another small study by Sahu et al similarly suggested a reduced ovarian reserve and ovarian response [25] . A larger study at our centre [8] however could not demonstrate any evidence of gonadal dysfunction in terms of ovarian response to stimulation and cumulative or per cycle reproductive outcome in affected female DM1 patients undergoing ovarian stimulation, ICSI and PGD [8] . Male DM1 patients on the other hand are known to have an increased risk of fertility problems, due to reduced sperm quality as a result of gonadal atrophy. The major lesion in men is believed to be that of seminiferous tubular destruction. Secondary sexual development is usually normal [7] .
On the basis that age as an independent factor significantly affects reproductive outcome of IVF/ICSI with PGD for DM1, consideration should be given to counseling DM1 affected females negatively with increasing age. Previous studies have clearly established the inverse correlation between age and reproductive outcome in IVF/ ICSI [26] . Health-economic studies should establish the justification of offering reimbursement for those couples requesting PGD where the female partner is over a certain age; until then, the data of the current study provide a means to counsel couples on the expected reproductive outcome and offer them alternatives if and when appropriate. Multiparity does, as expected, improve the chances of having a live birth delivery.
The molecular etiology of DM1 associated reproductive effects and the physiological contribution of DMPK is not entirely clear [27] . DMPK has a role in diverse cellular functions, ranging from modulation of contractionrelaxation cycle and ion handling to cytoskeletal movement and organelle localization in various muscle tissue types, where DMPK is primarily expressed [28, 29] . However little evidence exists on expression patterns in the human hypothalamus, pituitary gland and gonads. The CTG expansion associated with DM1 causes transcriptional silencing of the flanking SIX5 gene. A decrease in Six5 gene expression has been associated with deficient spermatogenesis and a progressive decrease in testicular mass with age. Based on elevated FSH levels, with normal LH and serum testosterone levels, it is speculated that pituitary function could be abnormal in terms of a deficient feed back inhibition of FSH secretion by testosterone and inhibin B. On the other hand, and although the number of Sertoli cells is decreased as a result of Six5 gene mutation, spermatogenesis is rather thought to be impaired by functional abnormalities in Sertoli cell-germ cell and Sertoli cell-Leydig cell interactions, resulting in increased germ cell apoptosis [30] . At present there is insufficient evidence suggesting any effect of deficient Six5 expression on female gametogenesis. It is possible, albeit unestablished, that female DM1 patients may experience infertility, but the etiology is potentially different to that of male DM1 patients and may not be related to effects of Six5 but rather to unlimited DMPK expansion in gametes.
It is known that the expanded CTG repeat is highly unstable in the disease range in both somatic tissues and in the male germline. Also taking into account a potential age effect, the measured blood allele sizes may not reflect the true germline status of the patient, and accurate predictions on transmission and anticipation cannot be made [31] . This implies that the results of this study should be interpreted with caution as far as the predictability of fertility issues in DM1 males and females is concerned. However, since the average allele size in blood shows the best correlation with disease severity and is closest to the inherited progenitor allele [31] [32] [33] , it remains the best available indicator for likely disease severity and potential fertility problems.
Conclusion
This study shows that there is no evidence of a correlation between the size of the expanded trinucleotide tracts in the DMPK gene and reproductive outcome in female DM1 patients undergoing ICSI and PGD. Age and parity have a significant and independent effect on the relative and cumulative live birth delivery rate. Further studies are required to elucidate the correlation of the size of the expanded trinucleotide repeat tracts with spontaneous reproductive outcome in DM1 patients, and the molecular mechanism involved.
